The freedom of design of AM products suffers from some limitations in case of powder bed metal processes, because AM part's integrity is affected by the residual stress state that is a consequence of the thermal history during part fabrication. Aim of this work is to evaluate the effect of part orientation on stress distribution. Thus, flat samples of AlSi10Mg alloy built along different orientations are produced by means of laser powder bed fusion (L-PBF) process, also known as Selective Laser Melting (SLM). Then, the semi-destructive hole-drilling method is used to evaluate residual stresses beneath the surfaces of samples. The outcomes of the study can be exploited to define design rules in order to both minimize support structures and optimize the orientation of the part in the building volume.
Introduction
Due to its potentialities, Additive manufacturing (AM) is actually being adopted by several industries to produce metal components, in particular prototypes or individual parts. In the aerospace and racing sectors, metal additive parts are yet fabricated in small batches of redesigned products, in order to take advantage of the complex and lightweight design that is possible to be produced with this technology, or to improve the performances of the components using materials that have been developed specifically for AM. With Industry 4.0, it is expected that the AM technology will be used consistently to produce final products for different applications and industries [1] . However, this step forward requires that AM processes and parts meet quality and repeatability standards that currently do not exist. Thus, efforts are being made by the scientific community to increase the knowledge on AM processes and the quality of parts.
Among the various AM technologies that are able to produce metal components, laser powder bed fusion (L-PBF), which is also known as Selective Laser Melting (SLM), has been applied extensively in different industrial sectors [2] . In the L-PBF process, metal powders are spread in thin layers onto a building platform and a laser beam is utilized to selectively melt the powder. Hence, layer-by-layer, parts of elevated geometrical complexity are fabricated [2] . It is recognized that manufacturing processes in which a laser is used as an energy source, such as soldering and laser bending, generate high levels of residual stresses, because of the large temperature gradients that are produced on the components [3, 4] . In the case of the L-PBF process, the residual stresses are responsible of distortions, cracks and delamination between layers (Fig. 1) , as well as detachments from support structures or even the failure of the AM process [5] [6] [7] [8] [9] . Moreover, the stress distribution on the final component can affect the integrity and lifetime of the part to a great extent.
The study of Mercelis and Kruth [10] theoretically and experimentally describes the development of residual stresses on the basis of the Temperature Gradient Mechanism (TGM). In details, the steep temperature gradient in the exposed area of the powder bed produces transient thermal deformations on the last layer and on the previous ones. When the laser source is removed, the processed material cools down and shrinks more than the non-exposed material that is present in the surrounding areas, and residual stresses are thus created. Other studies by Gusarov et al. [11] highlight that longitudinal tensile stresses are on average two times greater than transversal ones. Using a thermo-elastic model, they could explain the formation of two longitudinal and transversal crack systems that were observed during model validation experiments. The exposure strategy, such as island scanning or rotation of the scan pattern between layers, of L-PBF machines can reduce residual stresses by shortening the scan tracks or creating a more uniform stress distribution as it compensates for directional anisotropy [12, 13] . Besides, residual stresses are a consequence of material thermomechanical properties. The elastic modulus, the coefficient of thermal expansion (CTE) and the phase transformation phenomena are important factors that determine the residual stress level of the AM processed component [14] .
Nevertheless, in the scientific literature most studies of residual stresses in L-PBF concern the process parameters, the scanning strategies, and the material properties. Very few studies are focused on the correlation between stress state and geometry and part orientation during building. Some works can be found in the literature that have had the aim of evaluating the residual stress distribution in the different longitudinal, transversal and normal directions, with reference to parallelepiped samples of thin walls, in order to simplify the analysis. Studies have been carried out on mild steel (grade S355JR-AR), 316 Stainless Steel and Inconel 718 samples [15] [16] [17] . Studies on residual stresses are of a qualitative or semi-quantitative type, and are based on the evaluation of the deformations of bridge or cantilever structures [18] .
In this work, the process-induced residual stresses on AlSi10Mg components, fabricated by L-PBF, have been investigated using the hole drilling method, according to the ASTM E837-13a standard [19] . Flat specimens built along different orientations have been considered, in order to evaluate how stresses are altered by geometrical constraints. This experimental activity has made it possible to draw the trends of the residual stresses beneath the surfaces of samples produced in AlSi10Mg alloy, resulting from changes in the orientation of the part.
Materials and methods
The material that has been the subject of the investigations, the considered geometries and the manufacturing process of the samples are explained in detail in the subsequent sections. The methodology adopted to measure and evaluate the residual stresses is also illustrated briefly.
Material
AlSi10Mg alloy has been selected for this study. AlSi10Mg is a typical cast alloy that is used to produce complex geometries. Its use for AM applications allows complex low weight parts with good static, dynamic and thermal properties to be produced. Table 1 shows the main mechanical properties of this material, according to Manfredi et al. [20] experimental investigation on material characterization.
Geometries
In order to evaluate the influence of the part orientation on the residual stresses induced by the L-PBF process, nine specimens have been considered. These are all flat specimens with a small thickness, as usual in AM applications. In this way, the indications that are obtained can be generalized to define AM design guidelines. The criteria that were adopted to choose the geometries and dimensions of specimens in this study can be summarized as follows:
• The use of classical and easily measured geometries;
• Thin walled sections;
• Flat surfaces;
• Open and closed sections;
• Alignment along the building direction (z-axis) or along the normal;
• Surfaces large enough to allow the strain gauges to be installed for the tests without suffering from edge effects due to the presence of sharp edges.
The following geometries were identified on the basis of the aforementioned criteria:
• Specimen A -a thin wall, with a thickness of 3 mm and sides of 20 mm and 30 mm, respectively, parallel to the building platform;
• Specimen B -a thin wall, with a thickness of 3 mm and sides of 20 mm and 30 mm, respectively, inclined 15 deg to the building platform;
• Specimen C -a thin wall, with a thickness of 3 mm and sides of 20 mm and 30 mm, respectively, inclined 30 deg to the building platform; • Specimen D -a thin wall, with a thickness of 3 mm and sides equal to 20 mm and 30 mm, respectively, inclined 45 deg to the building platform;
• Specimen E -a thin wall, with a thickness of 3 mm, and with the width and height equal to 30 mm, built along the z axis;
• Specimen F -a cylindrical hollow square section specimen, with a side of 30 mm, a wall thickness of 3 mm and a height of 30 mm, built along the z axis.
Fabrication of the specimens
Aluminum alloy specimens were produced in a single job using an EOSINT M 270 Dual Mode machine. This type of machine uses a 200 W fiber laser, with a wavelength of 1060-1100 nm, focused on a 0.1 mm diameter to melt the metallic powder. The layer was 30 µm thick and the building platform was kept at 100 °C. The components were constructed while blowing Argon into the work chamber in order to avoid oxidation of the material. A standard scanning strategy, which foresees different exposition parameters for the core, the skin, and the contour, was adopted [20] .
The samples were fabricated using a saw-toothed 5 mm high support structure which connects them to the platform, in order to facilitate their removal. Moreover, the samples were orientated onto the platform at an inclination of 5 deg to the direction of the movement of the recoater blade (x-axis of the machine). This inclination was chosen in order to optimize the process and to avoid jamming of the recoater during the powder deposition phase so as to prevent the recoater from encountering on its entire length untreated zones of the previous layer. Moreover, the A, B and C specimens required a support structure, because of their alignment to the building platform (Fig. 2) . After the construction, the platform with the samples was subjected to a stress relieving thermal treatment at 310 °C for 1 hour. The specimens were then removed from the platform and a surface shot-peening process was conducted. A NORBLAST shot-peening machine was used for the shot-peening treatment, utilizing spherical corundum particles at a pressure of 2 bar. A 6 mm nozzle was kept inclined at 45 deg to the treated surface.
Evaluation of the residual stresses
After shot-peening treatment operation, the samples were measured in order to evaluate the residual stress distribution. An MTS3000 RESTAN system by SINT Technology (Fig. 3) , which is based on the hole drilling strain gauge method, was used to measure the residual stresses [19] . The hole-drilling method is a standardized method that allows accurate experimental stress analysis to be conducted, and it is one of the most efficient semi-destructive modes for the detection of residual stresses, in terms of costs, accuracy and versatility.
The strains released by the tested material are acquired for each drilling step, and are used to calculate the residual stresses according to the ASTM E837-13a standard [19] . A 2 mm diameter drill bit is used to produce a 1.2 mm deep flatbottom hole, through a sequence of 24 drilling steps of 50 µm. A K-RY61-1.5/120R rosette strain gauge, made by HBM, was utilized during the experimental campaign. The surface of the specimens, which presents a high level of roughness after the construction, was prepared for the application of the rosette strain gauge through sanding with a 200 grain abrasive paper and then with a 400 grain abrasive paper, Finally it was cleaned with an RMS1 spray solvent made by HBM. Fig. 3 shows specimen E during the test. The program for the calculation of the residual stresses from the measurement data was developed entirely in MATLAB R2009a, and the trend of the residual stresses in the thickness of the sample was evaluated by means of the Integral Method, as suggested in the ASTM E837-13a standard [19] . 
Results and discussion
The results of the residual stresses measurements are presented hereafter. The evolution of the stress profile of the samples is illustrated in function of the geometry of the specimens, in terms of orientations and open/closed sections.
Effect of the orientation
The residual stress distributions of the flat specimens, obtained with different inclinations, between 0 and 90 deg, are shown in Fig. 4 in function of the depth. These specimens are indicated with the letters A (0 deg), B (15 deg), C (30 deg), D (45 deg) and E (90 deg). It should be pointed out that the specimens with an inclination of less than 45 deg to the platform required a support system during the construction phase, and only specimens D and E are therefore selfsupporting. All the specimens have shown a surface compression state. The behavior of specimens B, C, D and E was similar, and was characterized by a compression state to a depth of about 0.1 mm from the surface. This state of compression was probably generated by the surface shot peening treatment that was carried out on the surface of the specimens. A tensile state has been be observed at greater depths. This tensile state is characterized by an oscillating trend that becomes more marked as the inclination increases. This stress behavior is due to the fact that the residual stresses generated during the L-PBF process are the sum of the stresses due to hardening phenomena, derived from the solidification of the deposited layers, and of the thermal stresses due to the lack of correspondence between the thermal expansion and the stiffness of the different layers of the material during the process. The oscillating trend of the stresses is similar to the trend of the residual stresses that develop during a multi-pass welding process [22, 23] .
The maximum stress values, which do not exceed 75 MPa, are slightly higher in the D and E specimens, that is, in the self-supporting ones. The supports in fact constitute a thermal exchange surface with the higher thermal exchange coefficient of the unsintered powder, and therefore allow heat to be drawn out, the thermal gradient to be reduced and, as a result, the residual stress state is also reduced. The tensile stress state in specimen E, which grew along the vertical direction, cancels out at a depth of about 0.7 mm. The tension in specimens B, C and D instead reduces in the measured field to a minimum value, but without disappearing completely. Although the stress state in specimens B, C and D is measured from the upper wall of the specimen going, though at an inclination, toward the platform, the stress state in specimen E is measured on the build layer, from the skin to the core. It is possible that the behavior of this specimen is different from that of the other specimens as it has to wait to be symmetrical with the central axis of the specimen itself. Specimen A shows a different kind of behavior from that of the other specimens: the residual stress state is almost nil and the compression is present to almost half of the analyzed depth. This different behavior is probably due to the fact that the specimen is at a distance of only 5 mm from the construction platform, to which it is connected by supports, and that the construction platform is kept at a temperature of 100 °C. In this condition, the thermal gradients are much lower than in the other analyzed cases, and this can explain the different stress distribution.
The value of angle β, which describes the main direction of the stresses in function of the depth (Fig. 5a ), is about 50 deg, whether positive or negative, except for specimen C, for which the β angle is equal to 0 deg. The β angle is the angle between gauge 1 and the principal stress direction (Fig. 5b) , which means that the direction of the principal stress with respect to direction x (recoater travel direction) is equal to α = β + 40 deg, for the chosen type of rosette, considering that it is applied along the width of the component, that is in turn built with an orientation of 5 deg with respect to the recoating direction. In short, the tendencies that can be observed show that the principal stress occurs along the specimen plane aligned to the x axis (specimens A, B and E), in a perpendicular direction (specimen D) or at 45 deg (specimen C). Abrupt variations in the values can be observed when the distribution curve of the stresses crosses the zero line, and the tensile stress state inverts to a compression stress state, or vice versa.
Open and closed sections
As far as specimens E and F are concerned, which are developed along the vertical direction, the strain gauge rosettes were installed both in the lower part of the specimen, in order to keep the same measurement distance from the platform as that of the other specimens, and in the upper part of the specimens, in order to evaluate the effect of the distance from the building platform. It is in fact known from the literature that the residual stress state is greater moving away from the construction platform, as the thermal effect generated by heating of the platform itself is reduced [21] . For specimens E and F, the distances of the measurement points from the building platform were 15 and 25 mm, considering the support height of 5 mm. Results show that a distance increase of 10 mm from the building platform does not significantly alter the stress state distribution for the considered geometries.
The two specimens show a similar trend for the β angle, respect to the depth. Nor the open/closed section or the distance from the building platform significantly affect the β angle behavior. The direction of the principal stress σ max is approximately 45° and consequently the principal stress is normal to the x-axis of the machine. A sharp variation in the value of the β angle is detected at a depth of about 0.8 mm, which corresponds to the sign change of the principal stresses. In other words, the value of β steeply changes when a variation is observed in terms of principal stresses from a tensile stress state to a compression stress state. 
Conclusions
The experimental study described in this paper has made it possible to show that a residual compression stress state is realized on the surface of AlSil0Mg specimens produced by means of the L-PBF process, after a thermal and a shot peening treatment, to a depth of about 0.1 mm. Below this compressed layer, the stress state is prevalently of a tension type in the considered measured depth, that is, to 1 mm, and it shows an oscillating trend. The maximum stress is always below 100 MPa. Although this trend has been observed on different specimens, a variation in the reached maximum stress value has been noted when the geometrical conditions have been changed, but variations in this stress have also been observed as the depth increases. The factors that play a role are above all the presence or lack of supports and the geometry of the specimen, whether closed or open. Supports favor the transfer of heat during the construction process, and gradually reduce the stress state. Moreover, the residual stress is lower in the case of a free geometry, in that there is a greater possibility of stress release than in the closed geometry case. A different kind of behavior of the stress distribution has also been observed between the flat horizontal specimen and the vertical one: in fact, the part in tension in the latter is confined to a shallower depth, probably because of the axial symmetry of the 3 mm thick specimen, as the residual stresses are self-equilibrated.
